Winter barley is the major crop on semiarid drylands in central Aragon (NE Spain). In this 2 study we compared, under both continuous cropping (BC) (5-6 month fallow) and a crop-3 fallow rotation (BF) (16-18 month fallow), the effects of three fallow management treatments 4 (conventional tillage, CT; reduced tillage, RT; and no-tillage, NT) on the growth, yield and 5 water use efficiency (WUE) of winter barley during three consecutive growing seasons in the 6 1999 to 2002 period. Daily precipitation measurements and monthly measurements of soil 7 water storage to a depth of 0.7 m were used to calculate crop water use (ET) and its 8 components. The average growing season precipitation was 195 mm. Above-ground dry matter 9 (DM) and corresponding WUE were high in years with high effective rainfalls (>10 mm day -1 ) 10 either in autumn or spring. However, the highest values of WUE for grain yield were mainly 11 produced by effective rainfalls during the time from stem elongation to harvest. Despite the 12 similarity in ET for the three tillage treatments, NT provided the lowest DM production, 13 corresponding to a higher soil water loss by evaporation and lower crop transpiration (T), 14 indicated by the lowest T/ET ratio values found under this treatment. No clear differences in 15 crop yield were observed among the tillage treatments in the study period. On average, and 16 regardless of the type of tillage, BF provided the highest values of DM and WUE and yielded 17 49% more grain than BC. These differences between cropping systems increased when water-18 limiting conditions occurred in the early stages of crop growth, probably due to the additional 19 soil water storage under BF at sowing. Although no significant differences in precipitation use 20 efficiency (PUE) were observed between BC and BF, PUE was higher under the BC system, 21 which yielded 34% more grain than the BF rotation when yields were adjusted to an annual 22 basis including the length of the fallow. The crop yield under BF was not dependent on the 23 increase in soil water storage at the end of the long fallow. In conclusion, this study has shown 24 that although conventional tillage can be substituted by reduced or no-tillage systems for 25 3 fallow management in semiarid dryland cereal production areas in central Aragon, the practice 1 of long-fallowing to increase the cereal crop yields is not longer sustainable 2 . 3 4
40-70 cm depth layers using the model proposed by Topp et al. (1980) , which had proved to be 1 suitable for our soil in a previous calibration experiment, and the multiple-length probe method 2 described by Miyamoto et al. (2001) . The soil water profile was monitored on a monthly basis 3 at two observation points per plot in accordance with the incomplete block design. With this 4 sampling scheme, a total 6 measurements per treatment were made on each field and 5 observation date. The plant available soil water (PASW) was calculated as the difference 6 between θ in the soil profile (0-70 cm) and θ at the permanent wilting point (ψ = -1500 kPa), 7 previously determined in the laboratory for the three tillage systems (Moret et al., 2006) . 8 9
Crop growth and yield 10
Crop establishment was determined as the percentage of seeds sown for which seeding 11 emerged. The seed depth was estimated by measuring the length of white stem above the seed 12 m-long row sampling were hand-harvested to determine the grain yield and yield components. 23
The ears were counted and, after oven drying, threshed to determine the number of grains perear and the mean grain weight. The dry weight of above-ground plant material collected was 1 determined after oven-drying at 65 °C for 48 h. 2 3
Water use and water use efficiency 4
By assuming negligible runoff and drainage below the root zone, crop water use (ET), 5 including crop transpiration (T) and soil water evaporation (E), was calculated from seasonal 6 rainfall (P) and the change in soil water content to a depth of 70 cm (∆S) (i.e. ET = ∆S + P). 7
On the basis of a constant transpiration efficiency (TE) for a cropping system (Tanner and 8 Sinclair, 1983) , the seasonal T was calculated directly from the above-ground dry matter (DM) 9 as follows: 10
where (e * -e) is the mean daytime difference between the saturated (e * ) and the actual (e) 12 vapour pressure and k is a crop-specific efficiency coefficient. The mean daytime vapour 13 pressure deficit, (e * -e), was calculated for the period of active dry-matter DM accumulation 14 (from ZGS 11-12 to ZGS 75-85), and k for barley was estimated to be 3.1 Pa (López and 15 Arrúe, 1997). The soil water evaporation E was calculated by subtracting T from ET for the 16 period from ZGS 00-09 to ZGS 75-85 (López and Arrúe, 1997) . 17
The water use efficiency for both the total DM produced at harvest (WUE b ) and grain yield 18 (WUE g ) was determined as the respective total biomass and yield weights divided by total ET 19 and expressed in kg ha -1 mm -1 . The precipitation use efficiency index (PUE), defined as the 20 grain yield divided by harvest-to-harvest water use (Jones and Popham, 1997) and expressed in 21 kg ha -1 mm -1 , was also calculated for both BC and BF systems. Likewise, the fallow 22 precipitation storage efficiency (PSE), defined as the percentage of fallow-season precipitation 23 that is stored as soil water, was calculated for BF as 24
(2) 25 where θ f and θ i are the volumetric water content in the soil profile (0-70 cm) (expressed in 1 mm) at the end and the beginning of the 16-18-month fallow period, respectively, and P F the 2 precipitation during the fallow period. crop rotations also affected soil water content. At seeding, the crop-fallow rotation (BF) on 24 average stored 19 mm more water than the continuous cropping (BC) for conventional tillage(CT), 32 mm more for reduced tillage (RT), and 17 mm more for no-tillage (NT) treatments 1 (Fig. 2) . Overall, CT proved to be the most inefficient system for storing water over the 2 growing season. At harvest, a substantial depletion of water content in the soil profile was 3 observed under both BC and BF systems (Fig. 3) . The soil water profile was also affected by 4 the different tillage systems. In the upper 20 cm θ was thus generally higher under NT than 5 under CT and RT (Fig. 3) . 6 7
Crop performance and water use 8
In our study, the vegetative growth of barley ocurred from sowing to mid-March, while the 9 reproductive period extended to late April. Table 1 emergence were found at P < 0.1 between crop systems, no effect of tillage systems on crop 14 emergence was observed. Seed depth was lower under NT than under the CT and RT 15 treatments (Table 1 ). Figure 4 shows the seasonal changes in the above-ground dry-matter 16 (DM) and the plant available soil water content (PASW) as affected by season, cropping 17 system and tillage treatment. As can be observed, NT produced less DM than CT and RT. 18 Table 2 Figure 5 shows the total water use (ET) during the three growing seasons as influenced by 23 tillage and cropping systems. Overall, 60% of the ET occurred by anthesis, and 40% took place 24 from anthesis to maturity (Fig. 5 ). It was found that both seasonal precipitation and thecropping system exerted a significant influence on ET. Estimates of crop transpiration (T), its 1 contribution to ET and the transpiration efficiency for grain yield, TE g , are shown in Table 3 . 2
The partitioning of ET into its components showed that a large proportion of ET occurred as E 3 and that T was greater under the BF rotation than under the BC system. Overall, the 4 contribution of E to ET varied among the growing seasons, ranging from 31% of ET in 2002 (wet spring) to 69% of ET in 1999-2000 (dry spring). 6
The water use efficiency for above-ground biomass at harvest (WUE b ) and grain yield 7 (WUE g ) was affected by seasonal rainfall, the tillage treatment and the cropping system ( indicate that during the entire growing period the crop mostly used this rainfall. The low 7
effective rainfall recorded in April-May 2000 (38 mm) (Fig. 2a) was not enough to recharge 8 the soil water profile, which would explain the low DM production (226 g m -2 ) at harvest ( Fig.  9 4). In 1999-2000, the low yields (Table 2) ET measured up to anthesis (40% higher than the rainfall received in this period) was 17 connected with the high PASW in that period (November-March) (Fig. 4) . As the high pre-to 18 post-anthesis ET ratio indicates, the low effective rainfall collected (25 mm) during the last 19 phases of crop development (April-May) stressed the crop during ear development, which 20 resulted in a decrease in the number of ears per square metre and, therefore, in low yields 21 (Table 2) . 22
In 2001-2002, crop growth was markedly different between the autumn-winter season (41 23 mm of effective rainfall from November to the beginning of March), with low PASW and DMvigorous crop growth from stem elongation to harvest (average DM equal to 597 g m -2 ) ( Fig.  1   4) . The high yield (Table 2 ) and WUE g (Fig. 6 ) values can be related to the large effective 2 rainfall from March to May (Fig. 2a) , which favoured ear and grain development. In general, 3 the results are comparable to those reported by several authors (French, 1978 
Influence of cropping system on barley response 9
On average, the BF cropping system (barley-fallow rotation) produced 28% more DM 10 ( Fig.4) and used 15-26 mm more water (Fig. 5 ) than the BC system (continuous cropping). 11
These differences, also observed in others studies (French, 1978 (Fig. 4) . Although a consistent relationship between the extra water 15 used by the BF crop and the additional water content at sowing was not found, the average ET 16 is in line with the average 22 mm water gained at sowing by the BF system (Moret et al., 17
2006). The average T/ET ratio under BF (0.57) was 30% higher than under BC (0.44) ( Table  18 3), similar to the 39% obtained by Amir et al (1991) in arid Israel. These differences can be 19 attributed to the lower crop biomass under BC, which favoured soil water evaporation. 20
Overall, the grain yield in the BF rotation (1883 kg ha -1 ) was 49 % greater than in the BC 21 system (1261 kg ha -1 ) ( Table 2 ). This increased yield in BF is higher than the 25% measured bycentral Aragon, the higher yield under BF could be positively related to the extra water stored 1 under BF. The mean yield gain in BF was 28 kg ha -1 per mm water conserved, which was 2 greater than the 11 kg ha -1 per mm water conserved obtained by French (1978) and the 8 kg ha Although no significant differences in PUE were observed between the BF and BC systems, 21 the PUE tended to increase under BC (Table 4 ). This would indicate that the shorter fallow 22 season in the BC system allows the use for crop transpiration of water that would otherwise be 23 lost during long fallowing by soil water evaporation, runoff or deep percolation (Farahani etthe BC system was more efficient at using precipitation, producing on average 34% more grain 1 than the BF rotation. 2 Finally, the relationship between the precipitation fallow storage efficiency (PSE) of the BF 3 rotation and crop yield was established for the three experimental years. The lack of correlation 4 between PSE and yield (R 2 = 0.06) would indicate that under BF grain yield is mainly related 5 to the amount of effective rainfall during the last months of crop development (March-May), 6 rather than to the gain in soil water storage at sowing after a long 16-18 month period of 7 fallow. 8 9
Fallow tillage effect on crop growth and yield 10
As observed by Chan and Heenan (1996), the greater water content in the NT topsoil at 11 sowing (Fig. 3) did not induce significant differences in crop emergence among tillage systems 12 (Table 1 ). The smallest seed depth was measured in NT plots, which should be associated with 13 a more compacted soil surface under NT. 14 The NT treatment produced less DM than the CT and RT treatments (Fig. 4) . As López et 15 al. (1996) suggested, the crop growth under NT may have been limited by the more compacted 16 NT topsoil that restricts root growth. Although no large differences in T were observed among 17 the tillage treatments, high E values under NT resulted in a low PASW (Fig. 4) . This could be 18 attributed to the lower ground cover provided by the crop during crop growth (López and 19 Arrúe, 1997) and the higher water content at the surface in the NT soil profile, which may 20 enhance soil water evaporation in this treatment. These results are similar to those reported by 21 Although small differences in grain yield were observed among tillage systems in the three 1 experimental years, NT yielded 24 and 8 % less grain than CT and RT, respectively, as a result 2 of the lower number of grains per unit of area (grains per ear x ears per m 2 ) ( Table 2) . A 3 reduction of 53 and 43% in grain yield with NT compared to CT and RT was found by López 4 and Arrúe (1997) in central Aragon after two years of trial. The lower grain production under 5 NT could be related to the greater soil compaction at the surface horizons in this treatment, 6 which restricts root growth and access to water and nutrients in deeper layers (López et al., 7 1996 ). These results differ from those found by Mrabet (2000) 
Conclusions 22
The results from three growing seasons showed that the growth, water use efficiency and 23 yield of a winter barley crop were influenced by both the amount and distribution of seasonal 24 precipitation and the cropping system. However, there were no clear differences in crop yieldamong tillage treatments for the study period. This finding suggests that conventional tillage 1 can be substituted by conservation tillage for fallow management in semiarid dryland cereal 2 production areas in central Aragon. 3
Overall, the crop-fallow rotation (BF) provided the highest values of crop biomass and 4 water use, yielding about 49% more grain than the continuous cropping (BC) system. 5
Nevertheless, the BC system yielded 34% more grain than the BF rotation when the yields 6 were adjusted to an annual basis. The results also showed that winter barley yields under BF 7 were not dependent on the soil water stored at sowing after a long 16-18 month period of 8 fallow. This means that the practice of long-fallowing to increase cereal crop yield in the study 9 area is no longer recommendable. Further research on alternative crop rotations and cropping 10 intensification to improve the efficient use of precipitation is needed for the sustainability of 11 dryland agriculture in central Aragon. 
